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 Many invasive and non-invasive methods have been proposed to excite a 
neuron in the nerves system. For non-invasive methods like Transcranial 
Magnetic Stimulation (TMS), there is few investigation on the shape and the 
property of the induced electrical field and its interaction with a neuron to 
directionally fire or block an action potential. In this article, E-fields are 
generated by two capacitive plates as a source. Also, the E-fields are modified 
in MATLAB and induced on a pyramidal neuron to study the effect of the E-
field on the neuron. A method is also proposed to block the action potential 
(AP) or fire and direct it toward the desired direction, in a non-invasive 
manner. Blocking the AP can be useful for pain reduction or anesthesia in a 
desired region of the body. A full modeling investigation on the required form 
of E-field, Hyper-polarization and depolarization values in membrane potential 
and the induction time have been studiedto directionally fire or block the AP 
for various dendrite diameters and channel densities in one-dimensional and 
two-dimensional pyramidal neurons. 
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1. INTRODUCTION 
The external electrical stimulation of excitable cells is important in applications such as pacemakers, 
cochlear implants and deep brain stimulation [1-5]. Many methods have been proposed to excite a neuron in the 
nerves system and also the properties of stimulator have been studied. By cable theory, proposed in [6], the 
response of the neuron to the extracellular and intracellular stimuli can be formulated. In some studies like [7], 
the current produced by a point source electrode in the extracellular space is used to excite the neuron. The 
effect of the variant electrical field on different kinds of neurons is the subject of many studies as non-invasive 
methods. By Maxwell equations, electrical fields have been calculated from various magnetic field fluxes 
induced on a neuron, like sinusoidal and rectangular, mono-phasic or bi-phasic current and the properties of this 
induction has been studied [8-9]. In another research, finite element method has been used to describe the 
membrane potential under E-field stimulation by implementing the cable equation [10]. Also generated field by 
a coil has been calculated on a plate distanced from the coil plate and its current is predicted by a series RLC 
model of the current stimulator, when a capacitor, initially charged to a constant voltage, the current pulse is 
generated through a coil whose inductance is L and resistance is R. By this modeling the effect of the fields on a 
neuron was studied as a function of distance along the fiber and the time after the capacitor discharged [6]. In 
addition, the non-invasive transcranial direct current stimulation (TDCS) and transcranial electrical stimulation 
(TES) methods have been studied in [11] and a ring electrode configuration has been developed to better 
targeting the pyramidal motor cortex in human. By considering tissue properties and cortical geometry, the ffect 
of the transcranial magnetic stimulation (TMS) on the neuron excitation in the brain has been mentioned [12].
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In [13], the reaction of neurons in the central nervous system has been considered by inducing magnetic 
stimuli (MS) on a one-dimensional and a two-dimensional pyramidal neuron.In this study, the axial electrical 
field was mentioned as the dominant direction to excite neurons. Also, in recent researches the cable equation 
has been modified considering different boundary conditions and different types of neurons [14-15]. Also in 
[16] combined thermoelectric extracellular stimulation with electrodes and the infrared laser was studied on a 
Xenopuslaevis nerve, firing and blocking AP were reached by this stimulation type. In this method, local 
temperature increase and causes a transient blocking of Action Potentials in the affected nerve.  
In all previous studies, different responses of neurons to different shapes of the extracellular electrical 
field have been recorded on a macro scale. However, a full discussion of electrical field properties impact on the 
nerve fiber is missing in order to have the vision to reach desirable reactions in various parts of the neural 
system by incident electrical fields. 
Blocking AP by a non-invasive method, proposed here, is important in anesthesia in desired part of the 
body without any injuries, infections and side effect problems in the body. This low-cost method can instantly 
effect on the nerves system and also helps in pain reduction in a desirable part of the body. By the other 
developed method in this article, directing the AP into one side can be useful to excite the neurons of eligible 
parts of the body and controlling them, which is explained below. In this article, the electrical field used to 
induce the neuron was computed in MATLAB and imported to the NEURON environment to study the effect of 
static E-field on the neuron.  
In the following sections, computation methods are mentioned and a modified equivalent circuit for the 
neuron is proposed to involve the effect of induced E-field in the membrane potential. The properties of a one-
dimensional neuron used in simulations are introduced and the shape of the E-field generated by two plates will 
be estimated. In the other section, the effects of E-field on a one-dimensional and two-dimensional pyramidal 
neuron are stimulated and at the end, the properties of the induced electrical field are mentioned to reach a 
constant AP blocking and AP firing in a favorite direction. 
 
 
2. RESEARCHMETHOD 
Generating an AP in a neuron needs approximately 20mV depolarization [17] on the membrane; this 
depolarization should be generated by a constant or variable electrical field or a variable magnetic fieldin a non-
invasive method. According to [8,14,18], by transversal field related to neuron axes, only half of the membrane is 
depolarized while the other side is hyperpolarized. However, it can increase the activation threshold compared to 
the case of longitudinal field [19-22]. Because of this issue and the proposed shape of the E-field explained in the 
next section, the transversal term is ignored here. The cable equation by considering longitudinal fields can be 
rewritten as [11] 
 
𝜆2
𝜕2𝑉𝑚
𝜕𝑥 2
−  𝑔′𝑘 𝑉𝑚 − 𝑉𝑖𝑜𝑛 −𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑘  
𝑁𝑖𝑜𝑛 −𝑐ℎ𝑎𝑛𝑛𝑒𝑙
𝑘=1 = 𝜏
𝜕𝑉𝑚
𝜕𝑡
+ 𝜆2
𝜕𝐸𝑥
𝜕𝑥
,       (1) 
 
which 𝜆 and 𝜏 are space and time constants respectively, 𝑁is the number of ionic channels in each differential 
segments, 𝑔′𝑘 is the equivalent conductance and 𝑉𝑖𝑜𝑛 −𝑐ℎ𝑎𝑛𝑛𝑒𝑙  is the Nernst potential for each channel. Entering 
the effect of axial electrical term in the sub-threshold behavior of the neuron membrane potential is required. 
Since we have considered NEURON software to simulate the activities of the neuron membrane and the term 
that specifies E-field impact should be intelligible for NEURONsoftware, the last term (𝜆2
𝜕𝐸𝑥
𝜕𝑥
) is modeled as an 
ionic channel in the neuron membrane. The membrane potential can be written in this way 
𝑉𝑚 = 𝑉𝑚0 + ∆𝑉𝑚 ,         (2) 
where 𝑉𝑚0 is the resting value which is determined by neuron characteristics and ∆𝑉𝑚 is the change in membrane 
potential generated by electrical field induction.∆𝑉𝑚 can be written by ionic currents and channel resistances, 
∆𝑉𝑚 = 𝑖𝑚 𝑟𝑚 ,          (3) 
where 𝑖𝑚 is the trans-membrane current per unit length and 𝑟𝑚  is the equivalent trans-membrane unit length 
resistance for ionic channels.According to cable theory, membrane current can be generated by axial current 
gradient [23] 
             𝑖𝑚 = −
𝜕𝑖𝑥
𝜕𝑥
 ,            (4) 
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which 𝑖𝑥  is the axial current per unit length and the 𝑥  is the direction along the axes. 𝑖𝑥can be induced by the 
axialelectrical field, 
𝑖𝑥 = 𝐸 𝑥𝜎𝐴,          (5) 
in which𝐸 𝑥 is the axial E-field, 𝜎 is the conductivity of the cytoplasmic region of the neuron and 𝐴 is the cross 
section area of the neuron in a square meter. Thus, the induced membrane current can be rewritten in this way 
𝑖𝑚 = −𝜎𝐴
𝜕𝐸 𝑥
𝜕𝑥
.         (6) 
By equation 5, an ionic channel can be considered in the neuron which injects the current 𝑖𝑚  
proportional to the axial electrical field. The sign of 
𝜕𝐸 𝑥
𝜕𝑥
can be negative or positive according to the direction of 
E-field along the axes, so the membrane can be depolarized or hyperpolarized. 
The equivalent circuit is shown in figure 1; in this circuit 𝐸and 𝑟𝑚 are the Thevenin equivalent circuit 
elements for the different ionic electrical forces and passive channels.  
 
 
 
Figure 1.Two segments of the equivalent circuit of neuron, on one segment E-field is induced, generating 
trans-membrane current and changing membrane potential. 
 
 
In NEURON environment, by modifying the cable equation by substituting (6) into (1), this differential 
equation is approximated as a difference equation, 
 
1
𝑅𝑎
𝑉𝑖−1
𝑛 −2𝑉𝑖
𝑛 −𝑉𝑖+1
𝑛
∆𝑥2
− 𝐶𝑚
𝑉𝑖
𝑛 +1−𝑉𝑖
𝑛
∆𝑡
−  𝐺𝑘
𝑛(𝑉𝑖
𝑛 − 𝑉𝑐ℎ𝑘 )𝑘 − 𝑖𝑚(𝑖)
𝑛 = 0,    (7) 
in which the indexes 𝑛 and 𝑖 represent the present time and location on the neuron respectively, 
1
𝑅𝑎
=
𝑎
2𝑟𝑎
where 𝑟𝑎  
is the cytoplasmic resistance and 𝑎 is the radius of the neuron. 𝐶𝑚 = 𝑐𝑚 𝑑𝑥in which 𝑐𝑚  is the trans-membrane 
capacitance and 𝑑𝑥 is the differential element, finally,𝐺𝑘 = 𝑔𝑘𝑑𝑥where 𝑔𝑘  is conductivity and 𝑉𝑐ℎ𝑘 is Nernst 
potential of each ionic channel respectively. In our model an extra specific 𝐺 is considered to equivalent effect of 
the electric field. In next sections we use this model to study the effect of E-field on a pyramidal L5 neuron in 
NEURON environment. 
 
 
3. RESULTS AND ANALYSIS 
In this section we will study the effect of E-field induction on a one-dimensional and a two-dimensional 
pyramidal L5 neuron. At first, we express the properties of pyramidal neuron which has been used in simulations. 
After that in the subsection 3.2 we discuss the applicable E-field obtained in the simulations. Chosen E-field is 
implemented by simulating two plates with specific potential in CST software. The hyper-polarization values 
will be determined by NEURON environment for different E-field amplitudes in section 3.3. Required electrical 
field to block the action potential will be mentioned using the previous results. In addition,the effect of different 
E-field forms is studied and the required E-field to fire AP is determined for the non-invasive method. These 
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results anddirecting AP into the desired direction after firing, will be shown in section 3.4. At the end of this 
section, we investigate the mentioned analysis on a two-dimensional pyramidal neuron in section 3.5. 
 
3.1. Neuron properties 
Pyramidal neurons, which have pyramidal cell body (soma), are found in the forebrain such as the 
cerebral cortex, hippocampus, and amygdala; they are the most excitatory cell types in these areas. They are also 
found inbirds, fishes, reptiles, and all mammals studied.These kinds of neuronsfrom layer 5 are the primary 
output neurons of the cortex [12]. However,the aforementioned features make these Pyramidal neurons important 
for the extracellular excitation and we have used the Pyramidal neurons from layer 5 in this article. Herein, we 
will study the effects of an induced E-field on one-dimensional pyramidal neurons from layer 5 (L5), at the end, 
we will test our methods on a two-dimension L5 neuron. 
 
3.2. Electrical field form 
The excitation zone is considered as a 4000×4000 matrix and is generated in MATLAB. Each matrix 
element represents the coefficient of the induced axial E-field term in a 1um×1um unit cell. As an example, the 
matrix below represents the longitudinal static E-field which is non-zero in red segments equivalent to dash line 
region of the neuron in figure 2(b). Figure 2(b, c) show a one-dimension and two-dimensional L5 neuron, 2700 
um long which are aligned to the mentioned matrix. The maximum E-field coefficients in the matrix are (1 v/m). 
The matrix is imported and scaled in NEURON software with desired quantity. According to (6), the gradient of 
E-field is the effective component which means that by inducing the above E-field, the membrane potential of the 
neuron is changed in two electrical field edges. In Figure 2(c), changes in membrane potential are shown by 
simulating a one-dimensional L5 neuron in NEURON environment. Based on the direction of the E-field, one 
side is depolarized whereas the other side is hyperpolarized. 
 
 
 
Figure 2.(a):The normalized axial E-field component calculated in MATLAB and exportedas a 2D matrix. 
This shape has two edges in which E-field gradient are non-zero. (b): a one-dimensional and two-dimensional 
pyramidal neuron from layer 5.  (c): membrane potential along the neuron in mv, zero represents the location of 
the soma and the horizontal axis represent distance from soma in um. Point 1 is called depolarizing point and the 
point 2 is called hyper-polarizing point. 
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Based on the E-field intensity and the membrane propertiesmentioned in the Table. 1, depolarization can 
fire the action potential, while the other side is hyperpolarized and can block the AP.This mechanism of 
excitation can fire the AP and direct it into just one side. 
 
3.3. Neuron hyperpolarization and AP blocking 
The nerve fiber and the stimulator are introduced in the previous section, in the following, we study the 
effect of the considered electrical field on the pyramidal neuron with different properties by simulations in 
NEURON environment. On the other hand, we use an external E-field to block the AP which is supposed to be 
generated by an organ of the body. To generate mentioned action potential an IClamp has been used with 
properties similar to the natural synapses. 
 
 
Table1. Properties and section sizes of the simulated one-dimensional pyramidal L5 neuron[13]. 
 
 
 
 
 
 
 
 
 
In the following we use the electrical field plotted in figure 3.  Figure3 (a) shows the axial E-field 
component which is exported to a 2D matrix, calculated by MATLAB. Figure3 (b) depicts a one-dimension 
pyramidal neuron of layer 5 aligned to its above figure; the measuring pipette is also shown in the figure, this 
pipette is located where the E-Field gradient in the raised-cosine shape is maximum. Also, exciting IClamp is 
shown which simulates the current generated by the synapses (EPSP). The current is 1.6nA and the pulse width is 
9ms equal to characteristics of an excitatory postsynaptic current [24]. The dendrite is also marked and the 
normalized electrical field strength versus the distance from the soma is re-plotted in Figure 4. 
 
 
 
Figure 3.  (a):Axial E-field component induced on the neuron with modified edge. (b): one-dimensional 
neuron aligned to the matrix with IClamp and measuring pipette. 
 
 
The simulated one-dimensional L5 neuron is 2780um long divided into 1540um axon and 1200um 
dendrite. The soma is 40um long with average diameter of 12.56 um. The default diameter of dendrite is 5.5um 
though some other research have taken different dendrite diameters [13]. The mentioned neuron has been 
considered in NEURON environment as a homogenous isotropic volume. 
 
 Length  (um) Diameter  (um) 
Soma 40 3-19  ave:13.4 
Axon 1540 Defined with myelin and node diameter 
Dendrite 1200 5.5 
Myelin 100 1.34 
Nodes 1 1 
Axon hillock 10 5.36 to 1.34 
Number of myelin segments 15  
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Figure 4. Modifiedand normalized E-field edge, verses the distance from the soma in the dendrite. 
 
The hyper-polarization value at the measuring pipette location in the L5 neuron is plotted in figure 5for 
different E-strengths. The real L5 neuron has dendrites with different diameters less than 1um up to 7um [25]; 
Therefore, the mentioned simulation is redone for different dendrite diameters and the hyper-polarization 
diagrams are also plotted in the figure.  
 
 
 
Figure 5. Hyper-polarization value (sub-threshold response) with different induced E-fields on different 
dendrite diameters. 
 
 
Figure 5 illustrates that increase in the dendrite diameter and also the area of the dendrite cross section 
causes an increase in hyper-polarization value for same E-field strength. This increase is proportional to the 
square of dendrite diameter. In 1um dendrite diameter hyper-polarization is only 4.8 mV and 12% changes in 
membrane potential is occurred by increasing E-field from 0.1 to 2v/m. This simulation shows the sections with a 
larger diameter are more sensitive than the others. 
By applying E-field on a neuron, membrane current changes the membrane potential. Membrane 
potential variation stops when the total force that affects ions in both sides of membrane equals to zero. These 
forces could be electrical (due to different charges between two sides of the membrane) or mechanical (due to 
different ionic densities between two sides of the membrane) [17]. The direction of these two forces are opposite 
of each other and their strengths change by the transition of the ions through the membrane. The time taken to 
reach the point (steady-state point) in which the two forces annul each other and the membrane potential 
variation stops, is calculated and is shown in figure 6. It shows the speed of the E-field which affects the 
membrane potential. 
The hyper-polarization is useful to block the AP generated from synapses. This blocking is a key to 
reaching the anesthesia in the region of the body at which the E-Field is applied or in the distant region of the 
body that its path to the brain is blocked. The important advantage of this method is to be non-invasive whereas, 
the most common methods for anesthesia are invasive and they need entering external needle to the body which 
causes problems like infection, damages to other parts of the body or also other neurons in the nerves system. 
These features make the old invasive methods very sensitive, hard and expensive while with this non-invasive 
method we reach the anesthesia instantly without any injury risks and infections in a few fractions of a second. 
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To determine required E-filed strength to block the AP, IClamp with mentioned current features 
depolarizes the membrane by current injection and fires AP in its location in dendrite as figure 3(b) shows. 
 
Figure 6. Hyper-polarization delay time to reach steady-state value with different E-field strengths on 
different dendrite diameters. The delay time in this figure are moments that membrane potential reaches the 
value which is 3mv higher than the constant steady-state value. 
 
 
The E-field is also applied to the dendrite; the location of the E-Field related to the soma is mentioned in 
figure 3(a). In figure 7 the AP propagation toward to the blocking area is plotted for 120 milliseconds. 
 
 
 
Figure 7. Membrane potential along the neuron in millivolts, zero represents the location of soma.  1: 
70msec after 2v/m electrical field induction -300um far from the soma -, dendrite with 5.5um diameter reaches 
the steady-state value. 2: 1.6nA current injection fires AP toward the blocking area and the blocked AP is not 
propagated to the axon. 3: membrane potential returns back to the steady-state hyperpolarized value. 
 
 
The required amplitude of E-field to block AP is calculated in mentioned process and is plotted in the 
figure 8 for different neuron diameters. In this case, the steady-state time passed and the membrane potential gets 
stable after E-field induction before the AP is fired. The L5 neuron has different channel densities along the 
dendrite arbor; therefore, parameters for different trans-membrane resistances 𝑟𝑚  are plotted to figure out the 
impact of this factor. 
As it is shown in figure 5, the greater diameter, the greater hyper-polarization in membrane potential; 
thus, for thicker neurons less E-field strength is needed to block AP. This fact is concluded from figure 8. The 
main dendrite has a 5.5um diameter in average, so the 0.5v/m E-field induction is needed to block AP in a one-
dimensional neuron. For neurons with smaller dendrite diameter, about 4 times greater amplitude is needed. 
 
3.4. Neuron depolarization, AP firing and one directional propagation 
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In E-field inductions, it is also needed to fire AP in the desired neuron with our desired rate. For 
example, in the spinal cord injuries, the AP generated from the brain can be recorded and regenerated as a relay 
into the related neuron that is disconnected from the brain. 
 
 
 
Figure 8. E-strength needed to block AP in different dendrite diameters and channel densities. In this 
measurement dendrite diameter is changed from 550um far from soma to apical dendrite. AP is fired by 1.6nA 
and 9msec current. 
 
 
To generate a static E-Field, we can use two plates with different potentials like capacitor plates in 
figure 9. To propose a non-invasive method, the plates are considered outside of the body near the desired 
neuron, generated E-fields penetrate the body and excite the neuron. We have simulated this structure in CST 
environment.   
In this structure, two plates with ΔV= 2 v generate the electrical field which has two components, the 
axial and the transversal component related to the neuron direction. As mentioned before, the transversal 
component can be ignored. The axial E-Field is computed by CST for a typical L5 neuron cell in the cerebral 
cortex and is shown in figure 10.  
 
 
Figure 9. Two capacitor plates with different potentials and the shape of generated electrical field. 
 
 
0
0.5
1
1.5
2
2.5
2 3 4 5 6 7 8 9
E
  
(v
/m
)
Dendrite Diameter (um)
rm=20000
rm=30000
rm=40000
Capacitor plates 
   ISSN: 2278-8115 
IJCB Vol. 5, No. 2, Dec 2016, 41 – 53      http://www.ijcb.in 
 
Figure 10. The longitudinal E-field on the Nerve fiber, simulated by CST software. 
Figure 10 is useful to figure out the shape of the electrical field. We can approximate the plotted 
diagram by a raised-cosine one which can be formulated by𝐴(1 + cos(
𝜋𝑇
𝛼
𝑥)). In the figure 11,the raised-cosine 
function with different roll-off-factors (𝛼) is plotted.  
In the E-Fields like figure 3, the E-field edge can be represented by half of the raised-cosine curve 
plotted in figure 11. In the next sections, we use the raised cosine diagram as an axial incident E-field. 
 
 
 
Figure 11.Raised-cosine function with different roll-of-factors (𝛼). 
 
Whenthe applied E-field has two close edges that are located in the dendrite of one neuron, like figure 
2(a), depolarized and hyperpolarized regions can affect each other; this effect can lower their values. We have 
imposed an E-Field with different widths that is observable in figure 12. 
In the location of E-field edges in which the E-field gradient is maximum, the membrane potential has 
been calculated by (6) as plotted in figure 13. The maximum E-field width is considered as 800um because of the 
simulated dendrite length limitation. 
 
 
 
Figure 12.  Induced double-edge E-field on the dendrite with different widths, zero represents the location 
of the soma. 
 
 
   ISSN: 2278-8115 
IJCB Vol. 5, No. 2, Dec 2016, 41 – 53      http://www.ijcb.in 
Here, the maximum applied E-field amplitude is 1 v/m. Applying the E-field with strength greater than 
this value can cause firing AP continuously, so membrane potential cannot be plotted in fixed values. In figure 13 
increase in E-field width upper than 720 um causes greater changes in membrane potential. In this case, two E-
field edges have less effect on each other in other words, in widths upper than 720um hyper-polarizing point has 
a greater mutual effect on depolarizing point so can cause to hyper-polarize it after steady-state time. In E-field 
width less than 720um, brief changes in membrane potential from resting point are just 0.15mv and 8mv in 
average in depolarizing point and hyper-polarizing point respectively. 
When the series of nerve fibers are considered and the double-edge E-field is induced on them, since 
fibers in opposite directions are included in the series, two cases occur. If the hyper-polarizing point is closer to 
the soma, AP fires at the depolarizing point and runs toward the both sides but in one direction, AP is damped in 
hyper-polarizing point while in other direction AP vanishes due to the one-directional transmission nature of 
neuron at its synapses. We call this status the blocking mode, since the membrane near the soma is 
hyperpolarized and can block APs. When the direction of the electrical field is changed, the depolarizing point is 
close to the soma, fires an AP toward the axon that can be propagated to the next neurons and organs. Figure 14 
shows the AP propagation along the axon in 1.5 milliseconds. 
 
 
 
Figure 13. The membrane potential (sub-threshold response) of two E-field edges verses different widths. 
Induced E-field is shown in figure 12. 
 
 
 
 
Figure 14.  Membrane potential along the neuron, zero represents the location of soma. 1: 5 v/m electrical 
field with 600um width (plotted in figure 12) is applied to the dendrite, depolarizing point is close to the soma, 
and the other side is hyperpolarized. 2: the membrane potential reaches the threshold value. 3: AP is fired and 
propagated into the axon. 
 
 
However, by inducing the considered E-field form, we can direct AP to the desired side in a complex 
series of nerve fibers. Excitatory and motor neurons are usually near each other and expanded throughout the 
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body. As an application, by directing AP into one direction, we can select a specific kind of neurons – excitatory 
or motor - that are close to each other. For example in arm, only the motor neurons can be excited without any 
excitation in excitatory neurons in order to move fingers by this method.  
 
3.5. Two-dimensional cell 
We have studied the one-dimensional pyramidal neuron from layer L5 in the previous sections, now we 
induce the E-field on a two-dimensional L5 neuron. The two-dimensional L5 neuron which is considered is 
shown in figure 15 [13], the AP is fired by 1.6nA and 9msec current injection into the apical dendrite branches 
[24] and the induced electrical field is as same as one that is shown in figure 3(a). 
In this section, we have applied E-field on the two-dimensional L5 neuron to reach a blocking mode by 
one electrical edge, as the location of electrical edge is shown in figure 15(c). In this neuron, APs in epical 
dendrite branches are fired simultaneously by postsynaptic current injection and run the AP toward the soma and 
the axon. In this case, the electrical field induction cannot be able to block APs in all branches because different 
branches have different angles and locations related to the applied E-field. Therefore, in this case, higher E-
strength is needed. 
By simulating the two-dimensional L5 neuron, computations show at least 17.5 v/m electrical field is 
needed to block the APs. This strength hyper-polarize the dendrite 250 mv from resting potential and it takes 110 
milliseconds to reach this steady-state value. 
 By changing the E-field direction, AP can be generated like the one-dimensional neuron. By applying 
5v/m E-field, AP runs toward the axon with almost 56Hz frequency. Also by applying electrical field like figure 
2, AP is run in one edge and direct it toward the desired side like in one-dimensional case.  
The two-dimensional pyramidal L5 neuron with membrane potential along the neuron is shown in figure 
15; in this figure, the applied one-edge E-field has a direction to hyper-polarize the membrane and blocks the AP. 
In figures 15(a) membrane potential in electrical edge location is plotted versus time and in 15(b) the membrane 
potential along the neuron is plotted for 17.5 v/m E-field induction. The red line in 15(c) represents the section of 
the neuron for which the membrane potential is plotted. 
 
 
Figure 15. (a):membrane  potential  verses  time  duration  in  the  E - field  edge  location in dendrite.(b): 
membrane potential along the neuron, zero represents the soma location and positive side in horizontal axis 
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represents the axon. (c): two-dimensional pyramidal L5 neuron, red line represents the path for which the 
membrane potential is plotted in (b). Also the location and direction of the induced E-field is determined. 
 
 
3.6. Discussion 
In this paper interaction between the axial electrical field and the pyramidal L5 neuron was studied to 
find a suitable form and other properties for the electrical field to fire or block AP in the neuron in a non-invasive 
manner. Previous studies report operation of experimental non-invasive methods by simulations or by formulas 
like cable theory. While in this paper, we have found a modified extracellular excitation to reach the desired 
neuron responses. Thus, a modified form of electrical field has been proposed to block AP and also fire it in the 
desired direction, and the effect of this E-field on the neuron has been also studied. 
In this article we have used the cable theory to simulate the response of the neuron membrane as 
explained in section 2. To enter the longitudinal E-field term effect to the simulations, a modified channel has 
been added to the neuron as its effect to neuron equivalent circuit can be seen in figure 1. This channel injects 
trans-membrane current proportional to axial E-field term. 
The real pyramidal neuron has dendrite branches with various diameters; by simulations in NEURON 
environment we can conclude that E-field cause greater hyper-polarization values on membrane in dendrites 
with larger diameters, so lower E-field is needed to block the AP in thicker neurons. Since the main dendrite 
diameter is almost 5.5um, it can be concluded that 0.5 v/m E-field is needed to block AP. This amplitude of E-
field hyper-polarize the membrane 15mv and it takes 17msec to affect the neuron, whereas in this diameter for 
firing AP we need 1v/m E-field induction.  
From comparison of this two E-field values, also comparing figures 8 and 13, it is concluded that 1v/m 
generated E-field by two capacitor plates can fire AP in one direction and block it in another one. Thus, the 
blocking area can block the fired AP running toward abnormal direction and APs generated from different 
organs. In addition, the membrane potential was calculated under double-edge E-field induction with various 
distances between two edges to direct AP into the desired side. Simulations show that in greater distances 
between E-edges, they have a less mutual effect on each other and the membrane potential is changed more in 
two edges. Also as two edges go far from each other, hyper-polarizing point increases in value and in distances 
about 720um, it also hyperpolarizes the other edge due to greater mutual effect. The distance between two 
electrical edges should not be in scale of one dendrite length; Otherwise, these two edges may be far from each 
other and be located in two different neurons. In this situation, the two edges have no effect on each other so one 
edge E-field assumption can be concluded in each neuron.  
Also, different channel densities compared to each other, this difference shows itself when dendrite 
diameter is small. In diameter 5.5um, the E-strength needed to block AP is decreased and increased 20% 
respectively when trans-membrane resistance is reduced 33%.  
At the end, we have simulated a two-dimensional pyramidal neuron; the AP is blocked with 17.5v/m 
electrical field that hyper-polarizes membrane 250 mv. Because of firing AP in all apical dendrite branches, 
some dendrite branches are not positioned in right angle related to E-field and higher hyper-polarization is 
needed. Also the AP can be fired and directed in this neuron like in one-dimensional pyramidal neuron. 
 
4. CONCLUSION 
In this article, our focus was on the investigation of electrical field properties induced on the pyramidal 
L5 neuron and controlling the neuron by blocking and firing the Action Potential toward the desired direction 
with a non-invasive induction method. To reach this aim, we simulated two capacitor plates as a source in CST 
environment and computed the electrical field. In addition, we modified the E-field into a raised cosine shape by 
MATLAB with a transition edge of 400um, about one-third of dendrite length. From cable theory, axial 
electrical field gradient can induce trans-membrane current and change the membrane potential as explained 
completely in section 3. By implementing this effect in the neuron equivalent circuit, responses of a one-
dimensional and a two-dimensional pyramidal L5 neuron were studied by NEURON environment under 
induction of static axial electrical field with different properties.  
Simulations show that the static electrical field with appropriate amplitude can hyper-polarize the 
membrane and block the AP in one electrical edge and fire it in another edge. They also show that the AP can be 
blocked in simulated one-dimensional and two-dimensional L5 neurons by 0.5 v/m and 17.5 v/m electrical field 
respectively, and for firing AP in the one-dimensional neuron, a minimum 1 v/m E-field is needed.  
The effect of the E-field transition edge width was also considered and showed that difference in E-
field transition width (W) from zero to half of the simulated dendrite length has no considerable effect on the 
membrane potential. 
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Since selection of one neuron among the other neurons in the nerves system is a hard work, firing AP 
toward only one direction, by double edge E-field induction, is helpful as was explained in the previous section. 
A specific kind of neuron – motor or excitatory – can be selected by implementing this method as explained in 
the paper. In our simulations, with less than 720 um distance between two E-field edges, mutual effect causes a 
decrease in depolarization and hyper-polarization values in corresponding edges. 
Attenuation of the E-field in the body causes the requirement of high static electrical field strength and 
consequently SAR limitations should be taken into account. Since the static E-field is used in our method, SAR 
causes fewer limitations but E-field induction with very sharp edge is needed. In two-dimensional neuron, 
branches with different angles increase E-strength requirement. However, E-field induction in neurons with 
fewer branches is more applicable. Implementation of a device for local anesthesia will be a target by focusing 
on the reduction of the mentioned limitations and by considering the illustrated results.   
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